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We compute nucleon and Roper electromagnetic elastic and transition form factors using a 
Poincare-covariant, symmetry-preserving treatment of a vector x vector contact-interaction. Ob- 
tained thereby, the electromagnetic interactions of baryons are typically described by hard form 
factors. In contrasting this behaviour with that produced by a momentum-dependent interaction, 
one achieves comparisons which highlight that elastic scattering and resonance electroproduction 
experiments probe the evolution of the strong interaction's running masses and coupling to infrared 
momenta. For example, the existence, and location if so, of a zero in the ratio of nucleon Sachs 
form factors are strongly influenced by the running of the dressed-quark mass. In our description 
of the nucleon and its first excited state, diquark correlations are important. These composite and 
fully-interacting correlations are instrumental in producing a zero in the Dirac form factor of the 
proton's d-quark; and in determining the ratio of d-to-u valence-quark distributions at a; = 1, as we 
show via a simple formula that expresses dv/uv{x = 1) in terms of the nucleon's diquark content. 
The contact interaction produces a first excitation of the nucleon that is constituted predominantly 
from axial-vector diquark correlations. This impacts greatly on the — > Pii(1440) form factors, 
our results for which are qualitatively in agreement with the trend of available data. Notably, 
our dressed-quark core contribution to _F2, (Q^) exhibits a zero at Ki 0.5 m%. Faddeev equation 
treatments of a hadron's dressed-quark core usually underestimate its magnetic properties, hence we 
consider the effect produced by a dressed-quark anomalous electromagnetic moment. Its inclusion 
much improves agreement with experiment. On the domain < < 2GeV'^, meson-cloud effects 
are conjectured to be important in making a realistic comparison between experiment and hadron 
structure calculations. We find that our computed helicity amplitudes are similar to the bare ampli- 
tudes inferred via coupled-channels analyses of the electroproduction process. This supports a view 
that extant hadron structure calculations, which typically omit meson-cloud effects, should directly 
be compared with the bare-masses, -couplings, etc., determined via coupled-channels analyses. 

PACS numbers: 13.40.Gp; 14.20.Dh; 14.20.Gk; ll.15.Tk 



I. INTRODUCTION 

Building a bridge between QCD and the observed 
properties of hadrons is one of the key problems in mod- 
ern science. The international programme focused on the 
physics of excited nucleons is close to the heart of this ef- 
fort. It addresses the questions: which hadron states and 
resonances are produced by QCD, and how are they con- 
stituted? The N* program therefore stands alongside the 
search for hybrid and exotic mesons as an integral part 
of the search for an understanding of QCD. An example 
of the theory activity in this area is provided in Ref. [l| . 

It is in this context that we consider the A^(1440)Pii, 
— (1/2)+ Roper resonance, whose discovery was re- 
ported in 1964 [2|. In important respects the Roper ap- 
pears to be a copy of the proton. However, its (Breit- 
Wigner) mass is 50% greater 0. This feature has long 
presented a problem within the context of constituent- 
quark models formulated in terms of colour-spin poten- 
tials, which typically produce the following level order- 
ing [J]: ground state, = (1/2)+ with radial quantum 
number n = and angular momentum 1 = 0; first ex- 
cited state, = (l/2)~ with {n,l) = (0,1); second 
excited state, = (1/2)+, with {n,l) = (1,0); etc. The 
difficulty is that the lightest I = 1 baryon appears to be 



the A''(1535)iS'ii, which is heavier than the Roper. Holo- 
graphic models of QCD, viewed by some as a covariant 
generalisation of constituent-quark potential models, pre- 
dict degeneracy of the (n, I) = (1, 0) and (0, 1) states 0]. 
Whilst it has been observed that constituent-quark mod- 
els with Goldstone-boson exchange potentials can pro- 
duce the observed level ordering [6[, such a foundation 
makes problematic a unified description of baryons and 
mesons. 

In order to correct the level ordering problem within 
the potential model paradigm, other ideas have been ex- 
plored. The possibility that the Roper is simply a hybrid 
baryon with constituent-gluon content is difficult to sup- 
port because the lightest such states occur with masses 
above 1.8 GeV 01- An alternative is to consider the pres- 
ence of explicit constituent-gq components within baryon 
bound-states Q. Whilst not literally correct, such a 
picture may be interpreted as suggesting that ttN final- 
state interactions must play an important role in any un- 
derstanding of the Roper. This perspective is common 
to modern coupled-channels treatments of baryon reso- 
nances [9l-[ll| , and finds support in contemporary numer- 
ical simulations of lattice- QCD [l^ and Dyson- Schwinger 
equation (DSE) studies |13l - [l5| . 

Given that an understanding of the Roper has long 
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FIG. 1. Poincare covariant Faddeev equation, Eq. HBlOfl . em- 
ployed herein to calculate baryon properties, 'i' in Eq. HBlf) 
is the Faddeev amplitude for a baryon of total momentum 
P = Pq + Pd- It expresses the relative momentum correlation 
between the dressed-quark and -diquarks within the baryon. 
The shaded region demarcates the kernel of the Faddeev equa- 
tion, Sec.|B] in which: the single line denotes the dressed- 
quark propagator, Sec. lA II F is the diquark Bethe-Salpeter 
amplitude, Sec. lA 41 and the double line is the diquark prop- 
agator, Eqs. (|B4)) . ((B9)) . 

eluded practitioners, it is unsurprising that this reso- 
nance has been a focus of the N* programme at Jefferson 
Lab (JLab). Experiments at JLab p^| - [l9| have enabled 
an extraction of nucleon-to- Roper transition form factors 
and thereby exposed the first zero-crossing seen in any 
nucleon form factor or transition amplitude. Explaining 
this new structure also presents a challenge for theory 

Notwithstanding its history, an understanding of the 
Roper is perhaps now beginning to emerge through a con- 
structive interplay between dynamical coupled- channels 
models and hadron structure calculations, particularly 
those symmetry-preserving studies made using the tower 
of Dyson-Schwinger equations j2l| - |24j . One indication of 
this is found in predictions for the masses of the baryons' 
dressed-quark-cores [l^, which match the bare masses 
of nucleon resonances determined by the Excited Baryon 
Analysis Center (EBAC) ^ with a rms-relativc error of 
14% and, in particular, agree with EBAC's value for the 
bare-mass of the Roper resonance; viz. (in GeV), 

mgo'ier = l-82±0.07 cf. m™^,'^-'^-'= = 1.76±0.10. (1) 

The DSE state is the first excitation of the ground-state 
nucleon whilst the EBAC bare state is the source for 
three distinct features in the tt TV-scattering Pn partial 
wave, which migrate widely from the real-energy axis 
once meson-nucleon final-state interactions are enabled. 
It is notable that the dressed-quark core of the nucleon's 
parity partner is approximately 400 MeV heavier than 
"^R^CT ^^'^ 1-1 GeV heavier than the core of the ground- 
state nucleon, a magnitude commensurate with its origin 
in dynamical chiral symmetry breaking (DCSB) [l3j . 

Herein we probe further into the possibility that iiN 
final-state interactions play a critical role in understand- 
ing of the Roper, through a simultaneous computation 
within the DSE framework of nucleon and Roper elastic 
form factors, and the form factors describing the nucleon- 
to-Ropcr transition. In so doing we add materially to a 
body of work that presents the unified analysis of many 



TABLE I. (A) Computed quantities required as input for the 
Faddeev equation, obtained with oir/tt = 0.93 and (in GeV) 
m = 0.007, Air = 0.24 , Auv = 0.905. (B) Nucleon and Roper 
masses, and associated unit-normalised eigenvectors, obtained 
therewith. (All dimensioned quantities are listed in GeV.) 
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properties of meson and baryon ground- and excited- 
states based on the symmetry-preserving treatment of 
a single quark-quark interaction; namely, a vector- vector 
contact-interaction. This procedure has already been ap- 
plied to the spectrum of u, d-quark mesons and baryons 
[l3|, and the electromagnetic properties of tt- and p- 
mesons, and their diquark partners [25l - [27| . These stud- 
ies provide the foundation for much of that which follows. 

In Sec.[ll] we present a brief overview of our frame- 
work: both the Faddeev equation treatment of the nu- 
cleon and Roper dressed-quark cores, and the currents 
which describe the interaction of a photon with a baryon 
composed from consistently-dressed constituents. Addi- 
tional material is expressed in appendices and referred to 
as necessary. In Sec. lIIII we describe the parameter-free 
calculation of nucleon elastic form factors within a DSE 
treatment of the contact interaction. Germane to our 
presentation are comparisons both with data and com- 
putations using QCD-like momentum-dependence for the 
propagators and vertices. In addition, we use the elastic 
form factors to predict the ratio of valence-quark distri- 
bution functions at a; = 1. 

We begin to describe our results for the Roper elastic 
and nucleon-to-Roper transition form factors in Sec. lIVI 
The description continues in Sec.|Vl with a considera- 
tion of the impact on all form factors of a dressed-quark 
anomalous magnetic moment. In Sec. lVIl we explore the 
effect of meson-cloud contributions to hadron structure 
calculations in the context of the 7*p Pii(1440) helic- 
ity amplitudes, which have been analysed using coupled- 
channels methods (28l-l3l|. 

Section IVIII is an epilogue. 



II. ELECTROMAGNETIC CURRENTS 

We base our description of the dressed-quark-core of 
the nucleon and Roper on solutions of a Faddeev equa- 
tion, which is illustrated in Fig.[TJ and formulated and 
described in Apps.|Xl|B] The Faddeev equations are com- 
pleted by the quantities reported in Table |l]4., and our 
values for the nucleon and Roper masses and eigenvec- 
tors, the latter normalised to unity, are presented in 
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FIG. 2. Interaction vertex which ensures a conserved cur- 
rent for the elastic and transition form factors in Eqs. ((2)1 , 
(131). The single line represents the dressed-quark propagator, 
S{p) in App. lA ll the double line, the diquark propagators in 
Eqs. (|B4|) and (|B9|) : and the vertices are described in App.lCl 
From top to bottom, the diagrams describe the photon cou- 
pling: directly to the dressed-quark; to a diquark, in an elastic 
scattering event; or inducing a transition between scalar and 
axial- vector diquarks. 



Table |T)3. These masses are drawn from a unified spec- 
trum of u, d-quark hadrons, obtained using a symmetry- 
preservingregularisation of a vector x vector contact in- 
teraction [l3|. That study simultaneously correlates the 
masses of meson and baryon ground- and excited-states 
within a single framework. In comparison with rele- 
vant quantities, it produces a root-mean-square-relative- 
error/degree-of- freedom equal to 13%. The predictions 
uniformly overestimate the experimental values of meson 
and baryon masses Q . Given that the employed trunca- 
tion deliberately omitted meson-cloud effects in the Fad- 
deev kernel, this is a good outcome because inclusion of 
such contributions acts to reduce the computed masses. 
As noted in the Introduction, Eq. ([T|) , such effects are 
particularly important for the Roper resonance. 

We are interested in three electromagnetic currents: 
those defining the nucleon and Roper elastic form factors 



TABLE II. Row 1: Results computed herein with the contact 
interaction, whose input is presented in Table |T] Row 2: Re- 
sults obtained using QCD-like momentum-dependence for the 
dressed-quark propagators and diquark Bethe-Salpeter ampli- 
tudes in solving the Faddeev equation. Row 3: Values rep- 
resentative of experiment. Row 4: Contact interaction aug- 
mented by a model dressed-quark anomalous electromagnetic 
moment (see SeclVjl. 
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transition form factors [Qp7j ~ 0, Eq. (jA20[) 
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N.B. Electromagnetic current kinematics and the defini- 
tion of constraint-independent form factors arc discussed 
in Ref. [3^ , so that Eq. may be viewed special 
case of Eq. ([3]) which is simplified by the on-shell condi- 
tion usiPfh ■ QusiPi) = 0. 

With the contact interaction described in App.[^ and 
our treatment of the Faddeev equation, App.|Bl there are 
three contributions to the currents. They are illustrated 
in Fig.[2]and detailed in App.[C] The computation of form 
factors is straightforward following the procedures out- 
lined in those appendices. 



III. NUCLEON ELASTIC 

There are no free parameters in our computation of 
nucleon elastic form factors: all those associated with 
our treatment of the contact interaction are fixed in 
Refs. [U, [13l' see Tabic HI We report static properties in 
Table HIl and depict form factors for the proton in Fig. [3] 
and the neutron in Fig. 01 N.B. We use a Euclidean met- 
ric, App.IeI and hence in elastic scattering one has 



Pf = -ml =P!,Q^ 



where niB is the mass of the baryon involved. 



(4) 



Dirac and Pauli Form factors 



J^{Pf.Pi) 



UB{Pf) b^F,B{Q') 



UBiP^), (2) 



B = N, R and Q — Pf — Pi; and that expressing the 



In our symmetry-preserving DSE-treatment of the 
contact interaction we construct a nucleon from di- 
quarks whose Bethe-Salpeter amplitudes are momentum- 
independent and dressed-quarks with a momentum- 
independent mass-function, and arrive at a nucleon de- 
scribed by a momentum-independent Faddeev ampli- 
tude. This last is the hallmark of a pointlikc composite 
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FIG. 3. Proton Dirac (upper panel) and Pauli (lower panel) 
form factors, as a function of a; = Q'^/m%. Solid curve 
- result obtained herein using the contact-interaction and 
hence a dressed-quark mass-function and diquark Bethe- 
Salpeter amplitudes that are momentum-independent; dashed 
curve - result obtained in Ref. [s^ , which employed QCD- 
like momentum-dependence for the dressed-quark propaga- 
tors and diquark Bethe-Salpeter amplitudes in solving the 
Faddeev equation; dot-dashed curve - a parametrisation of 
experimental data [3^ . 




FIG. 4. Neutron Dirac (upper panel) and Pauli (lower 
panel) form factors, as a function of x = Q^/m%. Solid 
curve - result obtained herein using the contact-interaction 
and hence a dressed-quark mass-function and diquark Bethe- 
Salpeter amplitudes that are momentum-independent; dashed 
curve ~ result obtained in Ref. [s^l, which employed QCD- 
like momentum-dependence for the dressed-quark propaga- 
tors and diquark Bethe-Salpeter amplitudes in solving the 
Faddeev equation; dot-dashed curve ~ a parametrisation of 
experimental data [3^ . 



particle and explains the hardness of the computed form 
factors, which is evident in Figs.|3l HI 

The hardness contrasts starkly with results ob- 
tained from a momentum-dependent Faddeev ampli- 
tude produced by dressed-quark propagators and diquark 
Bethe-Salpeter amplitudes with QCD-like momentum- 
dependence; and with experiment. Evidence for a con- 
nection between the momentum-dependence of each of 
these elements and the behaviour of QCD's /3-function 
is accumulating; e.g., Refs. f25l - [27l |35 38]. The compar- 
isons in Figs. 13111] add to this evidence, in connection here 
with readily accessible observables, and support a view 
that experiment is a sensitive probe of the running of the 
/3-function to infrared momenta. This perspective will be 
reinforced by subsequent figures. 

Table |lT] exposes another shortcoming in the descrip- 
tion of nucleons via a momentum-independent Faddeev 
amplitude; namely, the anomalous magnetic moments 
are far too small. In a Poincarc-covariant treatment, 
the magnitude of the magnetic moment grows with in- 
creasing quark orbital angular momentum. However, a 



momentum-independent Faddeev amplitude suppresses 
quark orbital angular momentum, as may be seen from 
the absence in Eqs. (|B17[) of a dependence on the rela- 
tive momentum. This explains the differences between 
the anomalous magnetic moments in Rows 1 and 2 of 
Table HH 

The differences between the anomalous moments in 
Rows 2 and 3 have a different origin; viz., QCD's dressed- 
quarks possess large momentum-dependent anomalous 
magnetic moments owing to dynamical chiral symmetry 
breaking [s^, and the discrepancy is resolved by incor- 
porating this phenomenon. Owing to the momentum de- 
pendence of these moments, the magnetic radii are also 
affected, so that r2p, r2„ in Row 2 are shifted markedly 
toward the values in Row 3. This is illustrated in Ref. |4g | 
and in Row 4, which is discussed further in Sec.lVl 

In Fig. [5] we depict a flavour decomposition of the pro- 
ton's Dirac form factor. In neither the data nor the calcu- 
lations is the scaling behaviour anticipated from pertur- 
bativc QCD evident on the momentum domain depicted. 
This fact is emphasised by the zero in Ff^, whose exis- 
tence is independent of the interaction. Its location is 
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FIG. 5. Flavour separation of the proton's Dirac form fac- 
tor, as a function of a; = Q'^/m^: normalisation: _F]^(0) = 2, 
Ft^{(S) = 1. Solid curve ~ u-quark obtained using the con- 
tact interaction; short-dashed curve - d-quark, contact in- 
teraction; dot-dashed curve - it-quark obtained from QCD- 
like momentum-dependence for the dressed-quark propaga- 
tors and diquark Bethe-Salpeter amplitudes in the Faddeev 
equation [33| ; and long-dashed curve - d-quark obtained sim- 
ilarly. The data are from Refs. [43.14^: u-quark, circles; and 
d-quark, diamonds. The dotted curves are determined from 
the parametrisation of data in Ref. [4^ . 



not, and the extrapolation of a modern parametrisation 
of data produces a zero which is coincident with that 
predicted by the QCD-based interaction [s^, |4l|. The 
zero owes to the presence of diquark correlations in the 
nucleon. It has been found [sl] that the proton's singly- 
represented d-quark is more likely to be struck in associa- 
tion with an axial- vector diquark correlation than with a 
scalar, and form factor contributions involving an axial- 
vector diquark are soft. On the other hand, the doubly- 
represented M-quark is predominantly linked with harder 
scalar-diquark contributions. This interference produces 
the zero in the Dirac form factor of the d-quark in the 
proton. The location of the zero depends on the relative 
probability of finding 1+ and 0^ diquarks in the proton: 
with increasing probability for an axial- vector diquark, it 
moves to smaller-x - in Ref. [33| the scalar-diquark prob- 
ability is 60%, whereas herein it is 78%. 



We plot the flavour decomposition of the proton's Pauli 
form factor in Fig. [51 Once again, the contact-interaction 
results are far too hard and the general trend of the 
data favours a Faddeev equation built from dressed- 
quark propagators and diquark Bethe-Salpeter ampli- 
tudes which are QCD-like in their momentum depen- 
dence. 




FIG. 6. Flavour separation of the proton's Pauli form fac- 
tor, as a function of a; = /m%: d-quark, upper panel; and 
u-quark, lower panel. Solid curve - result obtained using 
the contact interaction; dashed curve ~ obtained from QCD- 
like momentum-dependence for the dressed-quark propaga- 
tors and diquark Bethe-Salpeter amplitudes in the Faddeev 
equation [33| ; dotted curve - determined from the parametri- 
sation of data in Ref. B; and data from Refs. [H, li^. lisll. 



B. Sachs form factors 

The lower panel of Fig. [7] depicts the ratio of proton 
Sachs electric and magnetic form factors: 

GEpiQ') = F,p{Q^) - -^F^piQ'), (5a) 



(5b) 



Once again, the existence of a zero is independent of the 
interaction upon which the Faddeev equation is based 
but the location is not. That location is insensitive to 



the size of the diquark correlations [33 1. 

In order to assist in explaining the origin and location 
of a zero in the Sachs form factor ratio, in the top panel 
of Fig.[7| we depict the ratio of Pauli and Dirac form fac- 
tors: both the actual contact-interaction result and that 
obtained when the Pauli form factor is artificially "soft- 
ened;" viz., 



1 



(6) 



As observed in Ref. [46[ , a softening of the proton's Pauli 
form factor has the effect of shifting the zero to larger 
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values of . In fact, if F^-p becomes soft quickly enough, 
then the zero disappears completely. 

The Pauli form factor is a gauge of the distribution 
of magnetisation within the proton. Ultimately, this 
magnetisation is carried by the dressed-quarks and in- 
fluenced by correlations amongst them, which are ex- 
pressed in the Faddeev wave-function. If the dressed- 
quarks are described by a momentum-independent mass- 
function, then they behave as Dirac particles with con- 
stant Dirac values for their magnetic moments and pro- 
duce a hard Pauli form factor. Alternatively, suppose 
that the dressed-quarks possess a momentum-dependent 
mass-function, which is large at infrared momenta but 
vanishes as their momentum increases. At small mo- 
menta they will then behave as constituent-like parti- 
cles with a large magnetic moment, but their mass and 
magnetic moment will drop toward zero as the probe mo- 
mentum grows. (N.B. Massless fermions do not possess a 
measurable magnetic moment (39j.) Such dressed-quarks 
will produce a proton Pauli form factor that is large for 
~ but drops rapidly on the domain of transition be- 
tween nonperturbative and perturbative QCD, to give a 
very small result at large-Q^. The precise form of the 
Q^-dependence will depend on the evolving nature of 
the angular momentum correlations between the dressed- 
quarks. From this perspective, existence, and location if 
so, of the zero in ^MpG Ep{Q^) / G Mp{Q^) are a fairly direct 
measure of the location and width of the transition region 
between the nonperturbative and perturbative domains 
of QCD as expressed in the momentum-dependence of 
the dressed-quark mass-function. 

We expect that a mass-function which rapidly becomes 
partonic - namely, is very soft - will not produce a zero; 
have seen that a constant mass-function produces a zero 
at a small value of Q^, and know that a mass- function 
which resembles that obtained in the best available DSE 
studies [Ulil] and via lattice-QCD simulations [i^, pro- 
duces a zero at a location that is consistent with extant 
data. There is an opportunity here for very constructive 
feedback between future experiments and theory. 
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FIG. 7. Upper panel: Normalised ratio of proton Pauli and 
Dirac form factors. Solid curve - contact interaction; long- 
dashed curve - result from Ref. [i^l, which employed Q CD- 
like momentum-dependence for the dressed-quark propaga- 
tors and diquark Bethe-Salpeter amplitudes; long-dash-dotted 
curve ~ drawn from parametrisation of experimental data in 
Ref. [sj; and dotted curve - softened contact-interaction re- 
sult, described in connection with Eq. Lower panel: Nor- 
malised ratio of proton Sachs electric and magnetic form fac- 
tors. Solid curve and long-dashed curve, as above; dot-dashed 
curve ~ linear fit to data in Refs. [sol - IS^ . constrained to one at 
= 0; short-dashed curve - [1, 1]-Pade fit to that data; and 
dotted curve ~ softened contact-interaction result, described 
in connection with Eq. ((6]). In addition, we have represented 
a selection of data explicitly: fiUed-squares [Slj : circles [s^ ; 
up-triangles [13]; and open-squares [ssj . 



C. Valence-quark distributions at a; = 1 

At this point we would like to exploit a connection 
between the ~ Q values of clastic form factors and 
the Bj or ken- a; = 1 values of the dimensionless structure 
functions of deep inelastic scattering, F^'^ix). Our first 
remark is that the a; = 1 value of a structure function is 
invariant under the evolution equations [23j . Hence the 
value of 



Uv{x) 



, where 



dv{x) 
Uy{x) 



1 



(7) 



is a scale-invariant feature of QCD and a discriminator 
between models. Next, when Bjorken-a; is unity, then 



Q"^ + 2P ■ Q = i.e., one is dealing with elastic scat- 
tering. Therefore, in the neighbourhood of x = 1 the 
structure functions are determined by the target's elastic 
form factors. The ratio in Eq. ([7]) expresses the relative 
probability of finding a d-quark carrying all the proton's 
light-front momentum compared with that of a u-quark 
doing the same or, equally, owing to invariance under 
evolution, the relative probability that a = probe 
either scatters from a d-quark or a it-quark; viz.. 



dv{x) 



Uv{x) 



-"1 



(8) 



Plainly, in SUid) constituent-quark models, the right- 
hand-side of Eq. ([5]) is 1/2. On the other hand, when a 
Poincare-covariant Faddeev equation is employed to de- 
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TABLE III. Probabilities described after Eq. from which 
one may compute the evolution-invariant x — 1 value of the 
structure function ratio. 
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scribe the nucleon, 

T)P,d 2 pP,a . 1 pp,m 

pp,« pp,s ^ lpp,a ^ 2pP,m ' 

where we have used the notation of Ref. [l^. Namely, 
pp,s _ ps^(^Q2 — 0) is the contribution to the proton's 
charge arising from diagrams with a scalar diquark com- 
ponent in both the initial and final state: u[ud](E)j<E}u[ud]. 
The diquark-photon interaction is far softer than the 
quark-photon interaction and hence this diagram con- 
tributes solely to M.;; at x = 1. Pf'" = F^p{Q^ 0), 
is the kindred axial- vector diquark contribution; viz., 
2d{uu} (g) 7 (g) d{uu} + u{ud} (g 7 g) u{ud}. At a; = 1 
this contributes twice as much to dy as it docs to Uy. 
pp.m ^ Fl'^iQ'^ = 0), is the contribution to the pro- 
ton's charge arising from diagrams with a different di- 
quark component in the initial and final state. The ex- 
istence of this contribution relies on the exchange of a 
quark between the diquark correlations and hence it con- 
tributes twice as much to it does to dy. If one uses 
the "static approximation" to the nucleon form factor, 
Eq. (jB16|) , as with the contact-interaction herein, then 
Pf = 0. 

It is plain from Eq. ([9]) that dy/uy — in the absence of 
axial- vector diquark correlations; i.e., in scalar-diquark- 
only models of the nucleon. Furthermore, Eq. © pro- 
duces dy/uy = 0.05, F2/F2 = 0.30, using the case-II 
solution in Ref. [s^ , which is fully consistent with Fig. 5 
therein. 

Using the probabilities derived from Table |lj3, one ob- 
tains the first row in Table IIIIl whilst the second row 
is drawn from Ref. [33j . (Here we correct an error in 
Ref. [2^ , which inadvertently interchanged 2 o 1 in eval- 
uating the Pf '° contribution.) Both rows in Table Hill are 
consistent with dy/uy = 0.23±0.09 (90% confidence level, 
F2 /F2 = 0.45 ± 0.08) inferred recently via consideration 
of electron- nucleus scattering at cc > 1 [13 • On the other 
hand, this is also true of the result obtained through a 
naive consideration of the isospin and helicity structure 
of a proton's light-front quark wave function at a; ~ 1, 
which leads one to expect that d-quarks are five-times 
less likely than w-quarks to possess the same helicity as 
the proton they comprise; viz., dy/uy = 0.2 (ssf . Plainly, 
contemporary experiment-based analyses do not provide 
a particularly discriminating constraint. Future experi- 
ments with a tritium target could help (59| . 
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FIG. 8. Comparison of charged-Roper and proton Dirac (up- 
per panel) and Pauli (lower panel) form factors, as a function 
of a; = Q^/m%: Solid curve - Roper; and dashed-curve - 
proton. All results obtained using the contact-interaction, 
and hence a dressed-quark mass-function and diquark Bethe- 
Salpeter amplitudes that are momentum-independent. 



IV. NUCLEON ^ ROPER TRANSITION AND 
ROPER ELASTIC 

A computation of the nucleon-to- Roper transition form 
factors must be performed in conjunction with that of 
the Roper clastic form factors. They arc connected via 
orthonormalisation: the Roper is orthogonal to the nu- 
cleon, which means Pi*((5^ = 0) = for both the 
charged and neutral channels; and the canonical normali- 
sation of the Roper Faddcev amplitude is fixed by setting 
FiR+{Q^ = 0) = 1. The transition is calculated with the 
kinematic arrangements: 

Pf = ^ml , Pf = -mj^ , m| - m\ + 2P, ■ Q + Q'' = , 

(10) 

from the transition current expressed by the diagrams in 
Fig. [21 which are as explained in App.lO except that the 
final baryon, ^'/, is the Roper resonance. These consid- 
erations lead to the modifications described in App.lDl 

Note that in connection with all form factors involv- 
ing the Roper resonance, we only report results obtained 
with our symmetry-preserving treatment of the contact 
interaction. This is a first step. Based on the information 
in Sec. mil wc anticipate that a momentum-dependent in- 
teraction will produce Roper-related form factors that are 



TABLE IV. Row 1: Roper results computed herein with 
the contact interaction, whose input is presented in Tabled 
Row 2: Related contact-interaction nucleon results repeated 
for ease of comparison. Rows 3, 4: Analogous results ob- 
tained with a model dressed-quark anomalous magnetic mo- 
ment, Sec. El 
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Roper 


2.96 


2.66 


0.81 


3.19 


0.61 


-0.61 


Nucleon 


3.19 


2.84 


1.21 


3.19 


1.02 


-0.92 


RoperQAMM 


3.29 


3.90 


0.22 


3.46 


1.75 


-1.20 


NucleOUQAMM 


3.41 


4.00 


0.55 


3.85 


1.68 


-1.24 



similar for < 0.5 GcV^ but softer at larger momentum 
scales. 



A. Roper Faddeev amplitude 

The Faddeev amplitude for the Roper resonance in Ta- 
ble|l)3, whose origin is explained in Apps.[Bl|Dl contrasts 
strikingly with that of the nucleon and suggests a fas- 
cinating new possibility for the structure of the Roper's 
dressed-quark core. To explain this remark, we focus 
first on the nucleon, whose Faddeev amplitude describes 
a ground-state that is dominated by its scalar diquark 
component (78%). The axial- vector component is signif- 
icantly smaller but nevertheless important. This heavy 
weighting of the scalar diquark component persists in so- 
lutions obtained with more sophisticated Faddeev equa- 
tion kernels (see, e.g.. Table 2 in Ref. [1^). From a per- 
spective provided by the nucleon's parity partner and the 
radial excitation of that state, in which the scalar and 
axial- vector diquark probabilities are [l^ 51%-49% and 
43%-57%, respectively, the scalar diquark component of 
the ground-state nucleon actually appears to be unnatu- 
rally large. 

One can nevertheless understand the structure of the 
nucleon. As with so much else, the composition of the 
nucleon is intimately connected with dynamical chiral 
symmetry breaking. In a two-color version of QCD, the 
scalar diquark is a Goldstone mode, just like the pion [g^] ■ 
(This is a long-known result of Pauli-Giirsey symmetry.) 
A memory of this persists in the three-color theory and 
is evident in many ways. Amongst them, through a large 
value of the canonically normalized Bethe-Salpeter am- 
plitude and hence a strong quark-|-quark— diquark cou- 
pling within the nucleon. (A qualitatively identical ef- 
fect explains the large value of the TriV coupling con- 
stant.) There is no such enhancement mechanism associ- 
ated with the axial- vector diquark. Therefore the scalar 
diquark dominates the nucleon. 

With the Faddeev equation treatment described 
herein, the effect on the Roper is dramatic: orthogonality 
of the ground- and excitcd-statcs forces the Roper to be 
constituted almost entirely (81%) from the axial-vector 
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FIG. 9. Comparison of neutral-Roper and neutron Dirac 
(upper panel) and Pauli (lower panel) form factors, as a 
function of a; = Q^/m%: Solid curve - neutral-Roper; 
and dashed- curve - neutron. All results obtained using the 
contact-interaction, and hence a dressed-quark mass-function 
and diquark Bethe-Salpeter amplitudes that are momentum- 
independent. 

diquark correlation. It is important to check whether 
this outcome survives with a Faddeev equation kernel 
built from a momentum-dependent interaction. 

B. Roper elastic 

The Roper mass and Faddeev amplitude in Table |lj3 
produce the radii and anomalous magnetic moments in 
Tabic [TVl and the elastic form factors depicted in Figs. [51 
[51 Notwithstanding the markedly different internal struc- 
ture, the Roper elastic form factors are similar to those 
of the nucleon, both in magnitude and Q^-evolution. 

The exception is the Dirac form factor of the neutral 
Roper, which exhibits a zero at Q2 ^ 3^2^ _ This be- 
haviour derives from a constructive interference between 
Diagrams 2 and 3 in Fig.[21that, with increasing Q^, sums 
to overwhelm the always-negative contribution from Di- 
agram 1. As increases, the dominant contributions 
expressed by Diagrams 2 and 3 are associated with a 
photon scattering from the positively-charged [ud] and 
{ud} correlations, whereas Diagram 1 is alone in mea- 
suring only a negative charge; i.e., that of the d-quark. 
Ultimately, therefore, suppression of the scalar-diquark 
component in the Roper is responsible for the zero in 
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FIG. 10. Upper panel - Fi* (solid and dot-dashed with 
dressed-quark anomalous magnetic moment, Sec.|V]) and F2, 
(dashed and dotted with dressed-quark anomalous magnetic 
moment) as a function of a; = Q^/m%, computed using 
the framework described herein. Lower panel - Computed 
form of Fit{x) compared with available data p7H19l|. The 
squares, triangles and stars are preliminary results [6l[ from 
a simulation of Nf = 2 + 1 lattice-QCD at, respectively, 
m^/"iLxpt. =i 8, 10, 40. 
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FIG. 11. Comparison between F2*{x) computed using the 
framework described herein and available data [T7l - [l9l ]. with 
X = /m%. Upper panel - normalised to unity at a: = 0; and 
lower panel, as computed. In both panels the dashed curve 
was computed with a model for the dressed-quark anomalous 
electromagnetic moment, Sec.|Vl The squares, triangles and 
stars are preliminary results from a simulation of Nf = 2-1-1 
lattice-QCD at, respectively, m^/m^;,xpt. — 8, 10, 40 [6ll |. 



Fijio at > 0. 



C. Transition 

In Figs.[TUl [11] wc depict the charged- Roper —> proton 
transition form factors computed using our treatment of 
the contact interaction. The calculated form factors un- 
derestimate the data on the domain < < 3GeV^ 
and are very probably too hard. Both of these defects are 
natural given that we have: deliberately omitted effects 
associated with a meson cloud in the Faddeev kernel and 
the current; and used a contact interaction. 

On the other hand, the results are qualitatively in 
agreement with the trend apparent in available data and 
reproduce the zero in F2*{Q^) at ~ 0.5 to|, without 
fine tuning. These arc meaningful successes given that 
they arc features derived only from that which wc con- 
sider to be the Roper's dressed-quark core. 

As shown in the figures, lattice-QCD results are also 
available for these form factors [6l|. They have roughly 
the same magnitude as the experimental data. In con- 
trast to earlier simulations of quenched-QCD, these Nf = 



2-1-1 results also support the presence of a zero in F2*. 

In Fig. [12] we display the separate contributions from 
each diagram represented by the current in Fig. [51 Whilst 
Diagram 1 with a scalar diquark bystander is plainly 
dominant, a significant contribution is also received from 
Diagram 2 with a photon probing the structure of the 
axial- vector diquark correlations. The form factor is neg- 
ative at = owing to orthogonality, which produces 
srsn < 0; and passes through zero because of the zero 
in the Roper's Faddeev amplitude, which is characteristic 
of a radial excitation. 

Figure [13] depicts the neutral- Roper — >■ neutron transi- 
tion form factors. Each possesses a zero at ~ 3to^; 
the Dirac form factor is an order-of-magnitude smaller 
than its analogue in the charged-Roper transition; and 
regarding i^2flf->n cf. ^2i?+->pj in the neighbourhood of 
= the similar magnitude but opposite sign is con- 
sistent with available data H. 



V. ANOMALOUS MAGNETIC MOMENTS 

It is noticeable from the lower panel of Fig.[TT] that 
the magnitude of F2* {Q^ — 0) is underestimated in our 
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FIG. 12. Separation of F2, (x) into contributions from differ- 
ent diagrams, with x — Q^/m%: solid - photon on li-quark 
with scalar diquark spectator; dashed - photon on scalar di- 
quark with u-quark spectator; dot-dashed ~ photon on axial- 
vector diquark with quark spectator; dotted - photon-induced 
transition between scalar and axial-vector diquarks with u- 
quark spectator. N.B. Owing to Eq. (|C5[) . there is no contri- 
bution involving an axial- vector diquark spectator. 
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framework: —0.1 cf. experiment [l7|, —0.56 ± 0.02. A 
similar but smaller deficit is apparent in our computed 
nucleon anomalous electromagnetic moments, Tabic |IT1 
In this connection it is interesting to explore the effect 
produced by the drcssed-quark anomalous electromag- 
netic moment, which is produced by DCSB [s^ and is 
known to have a material impact on the nucleons' Pauli 
form factors [40j . 

To this end we modified the quark-photon coupling as 
described in App. lC 6l and recomputed all the form factors 
described above. Some results for the nucleon are sum- 
marised in the last row of Table [IIJ in each case, inclusion 
of the dresscd-quark anomalous magnetic moment pro- 
duces a significant improvement in the comparison with 
data. A similar comparison is made for the Roper in 
Table HVl 



Results for the Roper — > proton transition form factor 
are included in Figs.[TUl [TT] Inclusion of a dressed-quark 
anomalous electromagnetic moment has a pronounced ef- 
fect on F2*, which moves the result a little closer to ex- 
periment: F2*{Q^ = 0) = —0.1 —0.16 cf. experiment 
[17| — 0.56± 0.02. It does not, however, compensate suf- 
ficiently for the absence of meson-cloud effects. 



VI. MESON CLOUD 

In Fig. [13] we draw the helicity amplitudes for the 
7*p -7- Pii(1440) transition. They may be computed 



FIG. 13. Upper panel - Fmo^n (solid) as a function of a; = 
Q^/m% compared with -Fiij+_+p (dashed), computed using 
the framework described herein. 



Lower panel ~ Analogue for 



from the transition form factors in Eq. ([3]) : 

A,{Q')^ciQ')[F^4Q') + F24Q')] , (11a) 
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where = + (m/^ im^)^, K = {m%-ml,)/{2mn), 
and a is QED's fine structure constant. 

In addition to our own computation. Fig. [14] displays 
results obtained using a light-front constituent-quark 
model which employed a constituent-quark mass of 
0.22 GeV and identical momentum-space harmonic os- 
cillator wave functions for both the nucleon and Roper 
(width = 0.38 GeV) but with a zero introduced for the 
Roper, whose location was fixed by an orthogonality 
condition. The quark mass is smaller than the DCSB- 
induced value we determined from the gap equation (see 
Table [I]) but a more significant difference is the choice of 
spin-fiavour wave functions for the nucleon and Roper. 
In Ref. they are simple SU{6) x 0(3) S'-wave states 
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FIG. 14. Helicity amplitudes for the 7*p — > Pii(1440) tran- 
sition, with X — Q'^/Tn%: A1/2 (upper panel); and S1/2 
(lower panel). Solid curves - computed using the treat- 
ment of the contact interaction described herein, including 
the dressed-quark anomalous magnetic moment fApp. lC^ : 
dashed curves - the light-front constituent quark model re- 
sults from Ref. [g^I; long-dash-dot curves - the light-front 
constituent quark model results from Ref. [g^I; short-dashed 
curves - our smooth fit to the bare form factors inferred in 
Ref. [HQ; and data - Refs. [IMl- 



in the three-quark centre-of-mass system, in contrast to 
the markedly different spin-flavour structure produced by 
our Faddeev equation analysis of these states. Table |lj3. 

Owing to this, in Fig.[T4]we also display the light-front 
quark model results from Ref. [gI] . It is stated therein 
that large effects accrue from "configuration mixing;" 
i.e., the inclusion of S'J7(6)-breaking terms and high- 
momentum components in the wave functions of the nu- 
cleon and Roper. In particular, that configuration mix- 
ing yields a marked suppression of the calculated helicity 
amplitudes in comparison with both relativistic and non- 
rclativistic results based on a simple harmonic oscillator 
Ansatz for the baryon wave functions, as used in Ref. [6^ . 

There is also another difference; namely, Ref. [6^ em- 
ploys Dirac and Pauli form factors to describe the inter- 
action between a photon and a constituent-quark [6^ . 
As apparent in Fig. 2 of Ref. [il], they also have a notice- 
able impact, providing roughly half the suppression on 
0.5 < Q^/GeV'^ < 1.5. The same figure also highlights 
the impact on the form factors of high-momentum tails 
in the nucleon and Roper wave functions. 



In reflecting upon constituent-quark form factors, we 
note that the interaction between a photon and a dressed- 
quark in QCD is not simply that of a Dirac fermion 
[39I [65l - l70| . Moreover, the interaction of our dressed- 
quark with the photon is also modulated by form fac- 
tors, sec Apps. lX3l IC 61 On the other hand, the purely 
phenomenological form factors in Refs. (63l . [6^ arc in- 
consistent with a number of constraints that apply to 
the dressed-quark-photon vertex in quantum field the- 
ory; e.g., the dressed-quark's Dirac form factor should 
approach unity with increasing and neither its Dirac 
nor Pauli form factors may possess a zero. Notwithstand- 
ing these observations, the results from Ref. [1^ are more 
similar to ours than those in Ref. [62j . 

Helicity amplitudes can also be computed using 
EBAC's dynamical coupled-channels framework In 
this approach, one imagines that a Hamiltonian is de- 
fined in terms of bare baryon states and bare meson- 
baryon couplings; the physical amplitudes are computed 
by solving coupled-channels equations derived therefrom; 
and the parameters characterising the bare states are de- 
termined by requiring a good fit to data. In connec- 
tion with the 7*p — >■ Pii(1440) transition, results are 
available for both helicity amplitudes |29l - l3]| . The as- 
sociated bare form factors are reproduced in Fig.[T31 for 
< 1.5 GeV^ we depict a smooth interpolation; and for 
larger an extrapolation based on perturbative QCD 
power laws {Ai ^ l/Q'^ ^ 5*1). 

The bare form factors are evidently similar to the re- 
sults obtained herein and in Ref. [6^ : both in magnitude 
and Qf-evolution. Regarding the transverse amplitude, 
Ref. [29| argues that the bare component plays an im- 
portant role in changing the sign of the real part of the 
complete amplitude in the vicinity of ~ 0. In this 
case the similarity between the bare form factor and the 
results obtained herein is perhaps most remarkable - e.g., 
the appearance of the zero in Ai , and the ~ mag- 
nitude of the amplitude (in units of 10^"^ GeV^^^^) 

Ref. [62] Ref. [63] Ref. [29-31] contact 

^i(O) -35.1 -32.3 -18.6 -16.3 • ^^'^> 

2 ^ ' 

These similarities strengthen support for an interpre- 
tation of the bare- masses, -couplings, etc., inferred via 
coupled-channels analyses, as those quantities compara- 
ble with hadron structure calculations that exclude the 
meson-baryon coupled-channel effects which are deter- 
mined by multichannel unitarity conditions. 

An additional remark is valuable in this connection. 
EBAC computes elcctroproduction form factors at the 
resonance pole in the complex plane and hence they 
are complex-valued functions. Whilst this is consistent 
with the standard theory of scattering [7lj, it differs 
markedly from phenomenological approaches that use a 
Breit-Wigner parametrisation of resonant amplitudes in 
fitting data. As concerns the j*p —J- Pii(1440) transi- 
tion, the real parts of EBAC's complete am plit udes are 
qualitatively similar to the results in Refs. [l6l - [l9| but 
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EBAC's amplitudes also have sizeable imaginary parts. 
This complicates a direct comparison between theory and 
extant data. 



VII. EPILOGUE 

We computed form factors for elastic electromag- 
netic nucleon and Roper scattering and nuclcon— > 
Roper transitions using a Poincare-covariant, symmetry- 
preserving DSE-treatment of a vector x vector contact- 
interaction. Within this internally-consistent framework 
current-conservation is assured and we obtain: a dressed- 
quark that is described by a momentum-independent 
mass-function but whose computed interaction with the 
photon is described by a Q^-dependent vertex; scalar 
and axial-vector diquark correlations (constituted from 
dressed-quarks) whose Bethe-Salpeter amplitudes are in- 
dependent of constituent relative momentum but whose 
interactions with the photon are described by calculated 
Q^-dependent form factors; and baryons, whose nontriv- 
ial spin-flavour structure is determined from the solu- 
tion of a Faddeev equation, which produces a bound- 
state comprised from dressed-quarks and -diquarks, de- 
scribed by a momentum-independent Faddeev amplitude 
but whose elastic electromagnetic and transition form 
factors are Q^-dependent. 

We found that the electromagnetic interactions of 
baryons constituted thus from the contact interaction 
are typically described by hard form factors. Although 
this was to be expected, it is nevertheless important to 
compute and record the behaviour because this hard- 
ness contrasts markedly with results obtained from the 
momentum-dependent Faddeev amplitudes produced by 
drcssed-quark propagators and diquark Bcthe-Salpeter 
amplitudes with QCD-like momentum-dependence, and 
with experiment. Hence the present calculations provide 
concrete comparisons which support a view that exper- 
iment is a sensitive probe of the evolution of the strong 
interaction's running masses and coupling to infrared mo- 
menta, and hence of the long-range behaviour of the {3- 
function. 

In this connection, our analysis of the proton's elas- 
tic form factors suggests that the existence, and location 
if so, of a zero in the ratio of Sachs form factors are 
strongly influenced by the running of the dressed-quark 
mass. Our calculations indicate that a constant mass- 
function produces a zero at a small value of Q^; a mass- 
function that is very soft will not produce a zero; and a 
mass-function which resembles that obtained in the best 
available DSE- and lattice-QCD studies, produces a zero 
at a location that is consistent with extant data. Ob- 
taining a clear experimental answer to the question of 
whether or not there is a zero, and its location in the 
latter case, is therefore particularly important. 

It is worth reiterating that the diquark correlations, 
whose properties arc computed and employed herein, are 
composite and fully-interacting. They must not be con- 



fused with the pointlike and sometimes inert degrees-of- 
freedom used in constituent-quark-|-constituent-diquark 
potential models of baryons. Indeed, our analysis showed 
that the structure and interactions of the diquark correla- 
tions play an important role in the development of each 
baryon form factor. For example, they arc instrumen- 
tal in producing a zero in the Dirac form factor of the 
proton's d-quark and in determining the ratio of d-io-u 
valence-quark distributions at a; = 1. It is unsound and 
misleading to employ a framework in which the correla- 
tions are considered as inert and structureless. 

We found that the Roper elastic electromagnetic form 
factors are generally similar to those of the nucleon, both 
in magnitude and Q^-evolution. The one exception is 
the neutral Roper's Dirac form factor, which exhibits a 
zero at ~ 3 GeV^ . This outcome owes particularly to 
the presence of electromagnetically-active diquark corre- 
lations. It is notable in this connection that our treat- 
ment of the contact interaction produces a first excitation 
of the nucleon which is constituted almost entirely (81%) 
from axial-vector diquark correlations. This is an intrigu- 
ing possibility that should be checked using a Faddeev 
equation kernel built from an interaction with QCD-like 
momentum dependence. 

A primary motivation for this study was a desire to 
correlate nucleon elastic and transition form factors, so 
that the latter could be considered well-constrained, and 
then probe further for a connection between the proper- 
ties of a baryon's dressed-quark core and the bare quan- 
tities which feature in modern coupled-channels analyses 
of resonance electroproduction. We focussed primarily 
on the 7*p — > Pii(1440) transition and obtained form 
factors that underestimate extant data on the domain 
< < 3GeV^. This is consistent with having delib- 
erately omitted effects associated with a meson cloud in 
the Faddeev kernel and the current. On the other hand, 
the results are qualitatively in agreement with the trend 
of available data; for instance, F2*(Q^) obtained from the 
dressed-quark core exhibits a zero at « 0.5 m^. 

In Faddeev equation treatments of a baryon's dressed- 
quark core it is common to find that anomalous electro- 
magnetic moments are underestimated. This is apparent 
herein, in connection, too, with transition form factors. 
We therefore explored the effect produced by a dressed- 
quark anomalous electromagnetic moment, whose exis- 
tence is an essential consequence of DCSB. We found that 
with a realistic value for this dressed-quark moment, the 
magnitudes of hadron magnetic moments are typically 
increased by ~ 90% and magnetic radii by ^ 30%, and 
thereafter agree much better with experiment. 

As mentioned above, on the domain < Q'^ < 2 GeV^ 
it is widely suspected that the inclusion of effects asso- 
ciated with strong meson-baryon final state interactions 
- the so-called meson cloud - is important in making 
a realistic comparison between experiment and hadron 
structure calculations. We considered this conjecture 
in the context of the 7*p —J- Pii(1440) helicity ampli- 
tudes and found that the bare amplitudes determined via 
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coupled-channels analyses are similar to the form factors 
produced by our dressed-quark core, both in magnitude 
and Q^-evolution. This outcome strengthens support for 
an interpretation of the bare-masses, -couplings, etc., in- 
ferred via coupled-channels analyses, as those quantities 
with which the results of hadron structure calculations 
should directly be compared, if those calculations have 
knowingly excluded the meson-cloud. 

The Roper-related calculations we have described 
should now be repeated using a momentum dependent 
interaction that is drawn, as closely as reasonably possi- 
ble, from the behaviour of QCD. We expect this to pro- 
duce form factors that, for < 0.5 GeV^, are similar 
to those we have obtained from the contact-interaction, 
but softer at larger momentum scales. Near term, such 
computations are achievable within the framework of 
Ref. [33I I , which has provided the basis for many compar- 
isons herein. Looking further ahead, we anticipate that 
some priority will be given to the improvement of com- 
putational techniques, so that the interaction of Ref. [i^ , 
e.g., can be used directly in the study of transitions to 
excited states, in analogy with the treatment of ground- 
state nucleon form factors [33, . 
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Appendix A: Contact interaction 

1. Gap equation 

The starting point for our study is the dresscd-quark 
propagator, which is obtained from the gap equation: 

S{p)^'^ ^ i'-f ■ p + m 

^g^D,^ip- q)^J^Siq)^r,{q,p), (Al) 

wherein m is the Lagrangian current-quark mass, Dfj^i, is 
the vector-boson propagator and is the quark-^vcctor- 
boson vertex. Much is now known about D/^^i, in QCD 
[rsj and nonperturbative information is accumulating on 
Ti/ [Ie, ,74 ,76.]. However, this is one of a series of studies 
undertaken in order to build a stock of material that can 
be used to identify unambiguous signals in experiment 
for the pointwise behaviour of: the interaction between 
light-quarks; the light-quark's mass-function; and other 
similar quantities. Whilst these are particular qualities. 



taken together they can plausibly enable a characteri- 
sation of the nonperturbative behaviour of the theory 
underlying strong interaction phenomena [11, [l^, . 
We therefore work with the following choice 



9^D^,^{p-q) = 5^ 



47raiR 



(A2) 



where mc = 0.8 GeV is a gluon mass-scale typical of the 
one-loop renormalisation-group-improved interaction in- 
troduced in Ref. [i^, and the fitted parameter Q;iR,/7r 
0.93 is commensurate with contemporary estimates of 
the zero-momentum value of a running-coupling in QCD 
[ttI . Its! . Equation (jA2p is embedded in a rainbow-ladder 
truncation of the DSEs, which is the leading-order in 
the most widely used, global-symmetry-preserving trun- 
cation scheme 17911. This means 



^u{p,q) = lu 



(A3) 



in Eq. (|A1[) and in the subsequent construction of the 
Bcthe-Salpetcr kernels. 

One may view the interaction in Eq. (|A2[) as bein g in - 
spired by models of the Nambu-Jona-Lasinio type jSOf . 
However, our treatment is atypical. It is notable that 
one typically finds Eqs. (|A2|) . (|A3|) produce results for 
low-momentum-transfer observables that are practically 
indistinguishable from those produced by more sophisti- 
cated interactions p5l - l27| . 

Using Eqs. (|A2p . (|A3p . the gap equation becomes 



d'^q 



S-\p)^^-^■p + m+^^'^ l^j^Siq)^,, (A4) 
3 ttIq ' 



(27r) 



an equation in which the integral possesses a quadratic 
divergence, even in the chiral limit. When the divergence 
is regularised in a Poincare covariant manner, the solu- 
tion is 

S{p)-'^ = i-f ■p + M , (A5) 
where M is momentum-independent and determined by 
4aiR r. 1 



M = m + M 



37rm2j jQ 



ds ^ 



AP 



(A6) 



Our regularisation procedure follows Ref. l8l|; i.e., we 
write 



M2 



2 

s + AP 



(A7) 



(A8) 



where Tjr^uv are, respectively, infrared and ultraviolet reg- 
ulators. It is apparent from Eq. (jA8[) that a finite value 
of T;,. =: l/Aii- implements confinement by ensuring the 
absence of quark production thresholds |23 . l82j . Since 
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TABLE V. Meson-related results obtained with qir/tt = 0.93 
and (in GeV): m = 0.007, Ai^ = 0.24, A^v = 0.905 The 
Bethe-Salpeter amplitudes are canonically normalised; k-^ is 
the in-pion condensate [ssl. [s^: and /^,p are the mesons' lep- 
tonic decay constants. Empirical values are ~ (0.22 GeV)^ 
and 1 = 0.092 GeV, /p = 0.153 GeV. 









,1/3 f 


fp 


3.639 


0.481 


1.531 


0.243 0.140 0.928 0.101 


0.129 



Eq. (jA2p does not define a renormalisable theory, then 
:= 1/tuv cannot be removed but instead plays a dy- 
namical role, setting the scale of all dimensioned quanti- 
ties. Using Eq. (|A7|) . the gap equation becomes 



M 



(A9) 



where C'''{M^)/A'P = r{-l, M^t^^) - r(-l, MVj^,), 
with r(a, y) being the incomplete gamma-function. 



2. Point- meson Bethe-Salpeter equation 

In rainbow-ladder truncation, with the interaction in 
Eq. (jA2p . the homogeneous Bethe-Salpeter equation for 
a colour-singlet meson is 



(27r)4 



iMllPhf^, (AlO) 



where P) = S{q + P)r{q; P)S{q) and T{q; P) is the 
meson's Bethe-Salpeter amplitude. Since the integrand 
does not depend on the external relative-momentum, fc, 
then a symmetry-preserving regularisation of Eq. (|A10[) 
yields solutions that are independent of k. This is the 
defining characteristic of a pointlike composite particle. 

With a dependence on the relative momentum forbid- 
den by the interaction, then rainbow-ladder pscudoscalar 
and vector Bethe-Salpeter amplitudes take the forrrQ 



r-(P) - i-/,E^{P) + —757 • PFAP) , (All) 



KiP) 



llEp{P), 



where P^7j = and 7J + 7;?' = 7^- 

Values of some meson-related quantities, of relevance 
herein and computed using the contact-interaction, are 
reported in Table IVl 



^ We assume isospin symmetry throughout and hence do not in- 
clude the Pauli isospin matrices explicitly. 



3. Ward-Takahashi identities 

No study of low-energy hadron observables is meaning- 
ful unless it ensures expressly that the vector and axial- 
vector Ward-Takahashi identities are satisfied. Violation 
of these identities is a flaw of constituent-quark models 
that cannot be remedied. The to = axial-vector iden- 
tity states (fc_|_ = k + P) 

P^r5^ik+,k) = S-\k+)i^5 + i-f5S-'{k), (A13) 

where r5p(fc-|_, k) is the axial- vector vertex, which is de- 
termined by 

r5^(fc+,fc) = 757^ — J 

(A14) 

One must implement a regularisation that maintains 
Eq. (jA13p . That amounts to eliminating the quadratic 
and logarithmic divergences. Their absence is just the 
circumstance under which a shift in integration variables 
is permitted, an operation required in order to prove 
Eq. (jA13l) . It is g uaranteed so long as one implements 
the constraint [3 HI, [13 

0^ f da [C'"(a;(M2,a,p2)) + Ci"(a;(M2, a, P^))] , 
Jo 

(A15) 

with 

a;(A'/^a,F2) = A/2 + a(l-a)P^ (A16) 
Ci"(z) = -2(d/dz)C'"(z) 

= z [r(o, AfV^j - r(o, A/ViJ)] . (ai7) 



The vector Ward-Takahashi identity 

p^trvk+,k) = s-\k+)-s-\k) 



(A18) 



wherein F^^ is the dressed-quark-photon vertex, is cru- 
cial for a sensible study of a bound-state's electromag- 
netic form factors [6^. The vertex must be dressed at 
a level consistent with the truncation used to compute 
the bound-state's Bethe-Salpeter or Faddeev amplitude. 
Herein this means the vertex should be determined from 
the following inhomogeneous Bethe-Salpeter equation: 



(^12) r,(Q) =7.- ^5 / (^7.X.(..,.)7., (A19) 



i2nr 

where X^U^q) = S{q + P)r^{Q)S{q). Owing to the 
momentum-independent nature of the interaction kernel, 
the general form of the solution is 

rp(g) = 7jft^(Q') + 7^ft(Q') ■ (A20) 

Inserting Eq. (|A20p into Eq. (|A19p , one readily obtains 

Pl{Q') = 1, (A21) 
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owing to corollaries of Eq. (jA13|) . Using these same iden- 
tities, one finds [23 



1 



(A22) 



with (Ci(z) =Ci(z)/z) 



2^ _ 4aiR. 
37rm?, 



x/ rfaa(l-a)Q^Ci (cj(Ar,a,g^)). (A23) 

"'0 



4. Diquark Bethe-Salpeter amplitudes 

In the rainbow-ladder truncation, colour-antitriplet 
quark-quark correlations (diquarks) are described by an 
homogeneous Bethe-Salpeter equation that is readily in- 
ferred from Eq. (jAlOP : viz., following Ref. (ssl] and ex- 
pressing the diquark amplitude as 



(A24) 



then 



r,,(fc;P) = -|^^ y'_0_^^;,,,(q;P)^^ . (A25) 



Hence, one may obtain the mass and amplitude for a di- 
quark with spin-parity from the equation for a - 
meson in which the only change is a halving of the inter- 
action strength. The flipping of the sign in parity occurs 
because fermions and antifermions have opposite parity. 

Scalar and axial-vector quark-quark correlations are 
dominant in studies of the nucleon and Roper: 

(P) - *75i?,,o+ (P) + ^757 • PF,,o+ (P) , (A26) 



qq 
1 + 



^lq,iP)^^j:EqqlAP)- 

These amplitudes are canonically normalised: 



(A27) 



= 2tr 



d 



4^,, {-P)-S{<l + PTqq {P)Siq); 



d, 



(A28) 



and 



P, = ^trj A^Tllj~P)-^^S{q + P)rll^{P)S{q). 

(A29) 



Appendix B: Faddeev Equation 

We describe the dressed-quark-cores of the nucleon 
and Roper via solutions of a Poincare-covariant Faddeev 
equation [86j . The equation is derived following upon the 
observation that an interaction which describes mesons 



also generates diquark correlations in the colour-3 chan- 
nel [85| . The fidelity of the diquark approximation to the 
qimrk-quark scattering kernel is verified by recent studies 

Within this approach, a J = ^ baryon is represented 
by a Faddeev amplitude 



(Bl) 



where the subscript identifies the bystander quark and, 
e.g., ^I*! 2 are obtained from by a cyclic permutation 
of all the quark labels. We employ a simple but realistic 
representation of ^. The spin- and isospin-i nucleon and 
Roper are each a sum of scalar and axial-vector diquark 
correlations: 



(B2) 



with {pi,ai,Ti) the momentum, spin and isospin labels 
of the quarks constituting the bound state, and P = 
Pi + P2 + P3 the system's total momentum. 
The scalar diquark piece in Eq. (|B2[) is 

xA"\K)[Sie;P)uiP)]l\, (B3) 



where: the spinor satisfies Eq. (|E4[) . with M the mass 
obtained by solving the Faddeev equation, and it is also a 
spinor in isospin space with ip^ = col(l, 0) for the charge- 
one state and ip^ = col(0, 1) for the neutral state; K = 
Pi +P2 =-p{i2}, P[i2] =Pi -P2, i ■■= {-P{i2} + 2p3)/3; 



1 



(B4) 



1%+ 



is a propagator for the scalar diquark formed from quarks 
1 and 2, with mo+ the mass-scale associated with this 
correlation, and F"^ is the canonically-normalised Bethe- 
Salpeter amplitude describing their relative momentum 
correlation, Sec. lA4l and S, a 4 x 4 Dirac matrix, de- 
scribes the relative quark-diquark momentum correla- 
tion. The colour antisymmetry of ^3 is implicit in F'^ , 
with the Levi-Civita tensor, eciC2C3, expressed via the an- 
tisymmetric Gell-Mann matrices; viz., defining 



theneciC2C3 = (i?'''')ciC2- 
The axial-vector component in Eq. (|B2|) is 



(B5) 
(B6) 



r2 

OL2 



cAi;(if)K(^;P)u(P)];^3, (B7) 



where the symmetric isospin-triplct matrices are 



(B8) 
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and the other elements in Eq. (jB7[) are straightforward 
generahsations of those in Eq. (|B3|) with, e.g., 



1 



(B9) 



111+ \ iii+ / 

One can now write the Faddeev equation for V^a: 



Sik;P)u{P) 
Al{k-P)u{P) 

dH 



MikJ; P) 



(2^)4 

The kernel in Eq. ((BTO)) is 



S{i-P)u{P) 
Aiie;P)uiP) 



(BIO) 



M{k,£;P) 



Moo {Moi)i 



(Bll) 



with 



A^OO = r" (fc, - e,j2; igg) S^{e,g - kg) 

X T°\£g - kgg/2; ^kgg) S {£ g) A^^ (£gg) , (B12) 

where: £q = £, kg ~ fc, igg = — £ + P, kqg = — fc + P and 
the superscript "T" denotes matrix transpose; and 

{M0l)i - Tl\kg - igg/2; £ gg) {I gg " kg) 

X fO + (^, - kggl2- ~kgg) S {£ g) ^]^A£ gg) , (B13) 
(Alio); = r"^(fc, - ^,,/2; £gg) S^{£gg - kg) 

X f'^{£g - kgg/2- ~ kgg) S {£ g) A"^ {£ gg) , (B14) 

t^* Fp (fcg £gg/2] £qq) S {£gq kg) 't 

X f - kgg/2; ~kgg) S {£ g) A ^ ^ (B15) 



{M 
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Our drcssed-quark propagator is described in Scc. lA II 
and the diquark propagators arc given in Eqs. (|B4[) . (|B9|) . 
so the Faddeev equation is complete once the diquark 



Bethe-Salpcter amplitudes are known. They are re- 
viewed in Sec. lA4l We note here, however, that we follow 
Ref. [l^ and employ a simplification of the kernel; viz., 
in the Faddeev equation, the quark exchanged between 
the diquarks is represented as 



S^{k) 



9% 

M ' 



(B16) 



where — 1-18 [l3|. This is a variant of the so-called 
"static approximation," which itself was introduced in 
Ref. [13] and has subsequently been used in studying 
a range of nucleon properties [s^. In combination 
with diquark correlations generated by Eq. (jA2p , whose 
Bethc-Salpeter amplitudes are momentum-independent, 
Eq. (jB16l) generates Faddeev equation kernels which 
themselves arc momentum- independent. The dramatic 
simplifications which this produces are the merit of 
Eg. dBTel) . 

The general forms of the matrices S{£; P) and 
Al{£;P), which describe the momentum-space correla- 
tion between the quark and diquark in the nucleon and 
Roper, are described in Refs. [s^illSl- However, with the 
interaction described in Sec. I A II augmented by Eq. (|B16p . 
they simplify greatly; viz., 

S{P) = s{P) Id , (B17a) 
^^(P) = ai(P)757M + a^iPhsP, , * = +, , (B17b) 

with the scalars s, a\ 2 independent of the relative quark- 
diquark momentum and P^ = — 1. 

The mass of the ground-state nucleon is then deter- 
mined by a 5 X 5 matrix Faddeev equation; viz., 5* = A' 5*, 
with eigenvector 



M/(P) 



,s(P) 
a+(P) 

am 

4iP) 

am 



(B18) 



and kernel 





r 








I<sl 1 
















KiP) = 






aiai 


























0201 




if" 
0202 -1 



(B19) 



constructed using: cat = gj^ / {At:'^ M); 

Cat = CTAr(a, M,mgg^^ , mN) := (1 - a) M'^ + arrig^^^ - a(\ - a)m^ , = (T7v(a, M, ■mgq^^,mN) \ 



(B20) 
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and 



^EE + ^EF + ^^FF 1 



1%+ 



^EF 



-'^■CNEqq^^^ Fqq^^ -j^ 



daCi {(7%){amN + M) . 
"1 



daCi ((T^)(l — a){amN + M) , 



cn 



111+ 



da Ci 



(B21a) 
(B21b) 

(B21c) 

(B21d) 
(B21e) 
(B21f) 



01 



01 



01 



a:. 



-10 



10 



K, 



10 



a:, 



10 



K, 



10 



a: 



11 



A 



11 



A'. 



11 



11l + 
-01 



M 



daC'^{a]^){l - a)(mlq^^ (M + iamN) + 2(1 - afMm%) : 



^Ui , ^-0 
^11q+ ^11i + 



Cn 



Cn 



"111+ 



daCi (al^){amN - M){{1 - afm]^ - m^q^^) , 



Fqq^+Eqq^^ TUN 



"111 + 



M 



aiSE ' aiSF ' 
Cat ^99o+ -^991 + 



991+ 



daC'"(cr^)(amAr + Af)(2m^^^^ + (1 - a)2m?^) 



CAT Aqg^^ Eqq^^ mjv 



3 

-10 



TO 



99i + 
10 



M 



daC;"(cr^)(l - a)(2m^^^^ + (1 - a)'''mjf){amN + M) 



K'" + AT" 

CN Eqq^^Eqq^^ '"^ 







99i+ 

CN ^qqo+Eqq^^ ?71jv 



fiaC'"(cr^)(amAr + M){mlq^^ - 4(1 - afml;), 



Cat ^qq^ + 

3 m2,^^ 



i2 

99i + 



M 



daC'i{a^lj){l — a){^m'^qq^^ — 2(1 — a)^m%){amN + A/) ; 



daC'i{a]q)[2m^qq^^ {M — airiN) + (1 — a)''mjf{M + 5amN)] 



2CN E\ 



3 mlq^^ 

CN ^qqi + 
3 ^lli + 
5cjv ^g<;i + 
3 "^99j+ 



dQ;C'"(o-]v)(-7«gg^^ + (1 - Q;)^TO^)(Q!TOAr - M) ; 



daCi"(CT;V)["^^g,+ (llaTOjv + M) ~ 2(1 — a)'^m%{7amN + 2M)] : 



(iaC'"((Tjv)(TO^g^^ - (1 - a)'^m%){amN - M) . 



(B21g) 
(B21h) 
(B21i) 

(B21j) 
(B21k) 
(B211) 

(B21m) 
(B21ii) 
(B21o) 

(B21p) 

(B21q) 

(B21r) 

(B21s) 

(B21t) 



r 



The computation of this kernel is detailed in Ref. |13| . 
The eigenvectors exhibit the pattern: 

a+ = -V2a°, I = 1,2. (B22) 

The kernel for the Roper resonance has the same form 



but there is one change; namely, the functions C" are 
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replaced by functions J^'" = C" — djrl?'" where 



2?'"(tj(M2, a, P^)) = / dss 

Jo s + uj 



dr — exp [-TUj{M^,a, P^)] , (B23) 



^■{"(z) = -z(d/dz)J''^(z) and = J'i{z)/z. As ex- 

plained in Sec. 3.2 of Ref. [l^, this has the effect of in- 
serting a zero at = l/djp in the amplitude for the 
nucleon's excitation, which then has the structure of a 
radial excitation of the bystander quark with respect to 
the diquark "core." 



Solving for the Roper with this kernel and M d-p 
0.88 we obtain 



1/2 



mass (GeV) s a\ 03 

ruR = 1.72 -0.0828 0.590 -0.417 -0.561 0.397 ' 

(B24) 

The eigenvector differs from that listed in Table |l)3 for 
reasons that are explained in Add. ID] 



4 



4 



Appendix C: Electromagnetic Current 

Using the properties of our baryon spinors, the current 
in Eq. ([2]) can be rewritten in the form 



J;^{Q)^^e^l[Ps)[l^F^Bm 

^ -(Tt.yQuF2B{Q'') 



2M, 



A?(PO, (CI) 



where the positive-energy projection operator is defined 
in Eq. (jESp . In this connection each of the three diagrams 
in Fig. [2] can similarly be expressed 

L^(Q) = A^{Pf)I^^{Pf, /'OA? (P.), k = l,2, 3. 

In being explicit, we will focus on the elastic form fac- 
tors for the charged baryon. N.B. For the neutral par- 
ticles, one simply exchanges the flavours of the doubly- 
and singly-represented quarks. 



1. Diagram 1 

The uppermost diagram in Fig. [2] describes a photon 
coupling directly to a dressed-quark, through the vertex 
described in Add. I A 3l It can be seen to represent the 
following three expressions, the first involving the scalar 
diquark and the second two, the axial- vector diquarks: 

= <P^ f 1 5(^/)*e„7jPr(0')5(^OA°^(-^), (C2) 



where = / (|;^, ^±{ij) =£±P^J, e„ = 2/3; and 
Ji 

xie,^lPT{Q^)S{im,pA]^p[-i), (C3) 



X le^^lPr {Q^)S{ii)M,p A^^ (-^) , (C4) 

with ed -1/3, j = 1, 2 and Mi^ = -l^lp, = 75^^- 
If one assumes isospin symmetry, as herein, then it is 
notable that owing to Eq. (|B22p 



^+^^0, j = l,2. 



(C5) 



which means diagrams with axial-vector diquark specta- 
tors do not contribute to charged-particle form factors. 



2. Diagram 2 

The second diagram in Fig. [2] depicts the photon scat- 
tering elastically from a diquark, with the dressed-quark 
as spectator. Again, it can be expressed through the sum 
of three separate terms, the first involving the scalar di- 
quark: 



xe[„rf]rO+(-£_/,-£_,)AO+ (-£_,), (C6) 

where e[ud] = 1/3- Here r°+ is the dressed- photon- 
scalar-diquark vertex, computed in Ref. (27| : 

Tl+i-e^f,-i^,) = -{£^f+£^,)Fo^iQ^), (C7) 

with the following expression providing an accurate in- 
terpolation on the domain e 10] GcV^, nip is 
the p-nicson's mass, 



2, interpolation 1 -|~ 0.25 + 0.027 



1 + 1.27Q2 + 0.13Q4 



(C8) 



The remaining terms involve elastic scattering from the 
axial- vector diquark: 



4m = <(^)7, ^^^"^(^)^"p(-^/) 

XHuuyTl+A-e-f, -e-r)Al),{~£.,)M,f,, (C9) 
Je 

xe^^d}rl+A-i-f,~£-^Kli^i-^)MJp, (CIO) 

with e{„„} = 4/3, e^.^^} = 1/3 and 

r;.+ -(fc/ = K + Q/2, h^K- Q/2) 

3 

= J2P^^pAK,Q)F^+(Q-'), (Cll) 
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where 



TlpAK,Q) = 



Qp - pI 



Qa+Pi 



Ku 



m 



1+ 



(C12a) 
(C12b) 



(C12c) 



Kip) 



PpPa/p^- The electric, magnetic and 



quadrupole form factors of the axial- vector diquark are 
constructed as follows: 

G'e^{Q'-) = Fl+{Q') + IvG'q+(.Q') , (C13a) 

Gli{Q^)^-F^+{Q^), (C13b) 
Gj+(Q2)^Fi+(g2) 

+F.^+iQ'') + [l + fj]F^+iQ'), (C13c) 

where ri = Q'^ /[4,m\+\. These quantities were computed 
in Ref. [27[ and the following functions provide accurate 
interpolations on € [~rn?p, 10] GcV^: 



^]^+ ,^2\ interpolation 
Ge \Q ) = 



+ ,„2\ interpolation 



1 - 0.16Q2 



G'oiQ 



2\ interpolation 



1 + 1.17Q2 + 0.012Q4 

2.13- 0.19Q2 
1 + 1.07 _ 0.10Q4 ' 

0.81 - 0.029 Q2 
"l + 1.1102 _ 0.054 (; 



, (C14a) 
(C14b) 
- . (C14c) 



3. Diagram 3 

The last diagram depicts a dressed-quark spectator to 
a photon induced transition between scalar and axial- 
vector diquarks. It may be constructed from a sum 



7-3 ^ 7-301 , 7-310 



(C15) 



where 



with 



x*e{„d}r°i (0, -£-^)A];p{~£,)M,p, (C16) 
Ji 

x^e^.,,}Tll{-i^f,Q)A"\~e,), (C17) 

riO(A2,fci) = C(-fc2,fci) = roi(fci,fc2) (CI8) 



and 



■eMpa/9^1afc2/3G°l(g2). (C19) 



The coupling and form factor were computed in 
Ref. [131, with the results: goi = 0.78; and a function for 
which an accurate interpolation on e f«p, 10] GeV^ 
is provided by 



"^01 /^2\ interpolation 

1 -f-O.lOQ^ 



1 + 1.073 g2 



(C20) 



Current conservation 



In Secs. lC lllC 31 we have expressed formulae in terms 
of the baryon's unit-normalised Faddeev amplitude. In 
analogy with mesons, the canonical normalisation con- 
dition amounts to an overall multiplicative rescaling so 
that Fib{Q'^ = 0) = 1 for the charged state 

Ward-Takahashi identities play an important role 
in computing the rescaling factor. To explain, con- 
sider the contribution to Fib{Q'^) from Eg. (|C2p . 
defined as eus{P)'^FiE x^, and that from Eg. (jC6p . 
e[ud]s{P)'^FiB x^. Then so long as a translationally in- 
variant regularisation scheme is used, one can show 



FiBrliQ^^0)^F,s,r4Q''^0). 



(C21) 



In addition, with definitions clear by analogy, one has 



F. 



IS, I! 



1,2, p = +,0. 

(C22) 

Along with the fact that I?^ does not contribute at 
FisiQ'^), then Eqs. ((C2T|) . ensure: simple additiv- 

ity of the quark and diquark electric charges, and thereby 
guarantee a unit-charge isospin=(-|-l/2) baryon through 
a single rescaling factor; and a neutral isospin=(— 1/2) 
baryon without fine tuning. In applying our regularisa- 
tion scheme, we consistently enforce Eqs. (|C2ip . (jC22p . 



5. Typical contribution 

There are many terms in the complete expression for 
the baryon elastic electromagnetic form factors: accord- 
ing to one enumeration scheme, eleven each for Fib and 
F2B- Hence, we choose only to list one pair as an exam- 
ple; namely, that determined from Eq. (|C6[) . The proce- 
dure is the same in all cases. 



Using Eq. (|C1[) . one constructs momentum-dependent 
Dirac-matrices that, under a trace operation, project the 
Fib and F2B components of each diagram. All of the 
scalar expressions thus obtained are simplified by using 
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the kinematic conditions (i^g+i-jj-) 



p2 _ 


-ml = 


P^■Q = 




■ Pf = 


-m| - 






Q ■ Kq+i = 




Q ■ Ko+ f = 




0+i ■ = 





p2 



(C23a) 
(C23b) 

(C23c) 
(C23d) 
(C23e) 

(C23f) 

(C23g) 



A Feynman parametrisation is then employed in or- 
der to produce a single denominator from the product 
of three propagators which appears, and the momentum- 
integration variable is subsequently shifted, in our case: 



i^l + a{P,+ PQ). 
This produces a simple denominator: 

where M is the dressed-quark mass and 



(C25) 



uj{a,l3,M,mn+,mB,Q'^) M^{1 - a) 

+ a{ml+ - (1 - a)ml + P{1 - I3)Q^- (C26) 



and a numerator that is simplified using Eqs. (|C23p . their 
corollaries, 



P, ■ Ko+^ = -l-P,-{l- a)ml - ^a^Q^, (C27a) 
P,-Ko+f = -l-P,-il~a)ml 



--(l + a/3)Q2, 
l-P^ = l-P,- ami - ^a/3Q^ 



i-Ki 



o+j = -l^ + (1 - 2a)l ■ P, - 2api 
-a{\ — a)ml 

-ia/3[l + 2a(l-/3)]Q2, 
1 



e-Q = l-P,-^a{l~2p)Q^, 



£■ K, 



o+f 



e-K, 



O+i 



(C27b) 
(C27c) 

(C27d) 

(C27e) 
(C27f) 



and subsequently 0(4)-invariance. 



Finally, the momentum integral is regularised to yield 

FiB,x^{Q^)^ f dadp2a[Q^ + 4ml]-^ 
Jo 

2mB{amB + M)(4to^(1 - a) + (1 - 2af3)Q'^) 



1 



1, 



F2B,x^{Q^)^- f dadp2a2mB[Q^ + 4:ml] 
Jo 

AmliamB + M)(l - a) + [(1 - 2al3)M 
+a{l - al3[l + 2l3])mB]Q''\c^{uj) , 
-j7i|[Ci"(u;)-c.C^(c.)] 



(C28) 



where 



(C24) c^u(^) ^ (c.V2)C'""(c.) = I (c- 



(C29) 



(C30) 



C2 (w) =4"(a;)/w2^ ^ 

derived form of Eq. (|A7|) . 
In computing the Roper elastic form factor there is one 
modification at this point, arising in connection with the 
zero we have inserted in the associated Faddeev equation 
(see the last paragraph of App. lBj) . Namely, the functions 
C" are replaced by functions 



7^" 



(C31) 



where 



•H'"(a;(M^a,P^)) = / ds s ■ 

/o s + uj 



dr— cxp[~TUj{A'P,a,P^)] , (C32) 



Hf{z) = -z{d/dz)W''{z\ Hiiz) = Hiiz)/z and 
n^^lz) = (zV2)-H'""(z), Through this ex- 

pedient we represent the square of a Faddeev amplitude 
that possesses a zero, as would appear in computing the 
elastic form factor of the excitation. 



6. Dressed-quark anomalous magnetic moment 

In the presence of dynamical chiral symmetry break- 
ing, a dressed light-quark possesses a large anomalous 
electromagnetic moment [33 • To indicate the effect 
on form factors that one might expect from this phe- 
nomenon, we modified the quark-photon coupling as fol- 
lows: 

r(Q) = iJ^PriQ'') + 2^ffp.Q.cxp(-QV4A/2) (C33) 
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where M is the dressed-quark mass. Both the value of 
^ = 1/2 and the rate at which the anomalous moment 
term decays arc taken from the distribution computed in 
Ref. m. 

The anomalous moment has no effect on the elastic 
form factor of the scalar diquark but it does change the 
form factors of the axial-vector diquarks; viz., with our 
standard parameter choice, Table fVl and z = , the 
following functions provide an accurate interpolation of 
the result: 



Fr{z) = 



(1 + 0.98z) 



2.75z- 
3.23 



1.262:2' 
- 0.048Z 



Fl {z) 



l + 2.11z + 0.0037z2' 
1.19 + 0.33Z 
1 + 1.38a; + 4.62z2- 



(C34a) 
(C34b) 
(C34c) 



Comparison with Eqs. ()C13|) . (jC14p reveals that the 
drcsscd-quark anomalous electromagnetic moment in 
Eq. (jC33[) increases the axial-vector diquarks' magnetic 
moment by 50% and the magnitude of its quadrupolc 
moment by 30%. 



Appendix D: Transition Current 

With the baryon spinors we have defined, the current 
in Eq.[3] can be expressed 



j;{Pf,P,)^ieKl{Pf)[^lF,,{Q^) 
1 



Mr + M 



N 



<^ii.vQuF2*{Q ) 



A^(PO, (Dl) 



where the positive-energy projection operators are as de- 
fined in Eq. (|E8[) . The same three diagrams contribute 
to the transition but with the modification that the fi- 
nal state is the Roper resonance. This means that the 
kinematics are different, Eq. pH)) . and in Eg. (jC2p . for 
example. 



s{Pf ^ SR{Pf)sM{P^) . 



(D2) 



With such changes implemented throughout, the anal- 
ysis proceeds unchanged, although one must pay at- 
tention to the modified kinematics when computing in- 
variants, Eqs. (|C23p . and working through the Feynman 
parametrisation, Eqs. (jC27|) . until final expressions, such 
as those in Eqs. (|C28p . (|C30|) . are obtained. 

At this point, the functions are replaced by the 
functions J^'^, in order that the zero we have inserted 
into the Roper's Faddeev amplitude is expressed in the 
transition form factors. 

We require that the Roper's dressed-quark core be or- 
thogonal to that of the nucleon and insist that each radi- 
ally excited state possess a zero in its Faddeev amplitude, 
as in Ref. [l^. The latter requirement ensures that the 
contact interaction is able to produce a radial excitation 
of both the A resonance and its parity partner. On the 



other hand, it modifies the Faddeev kernel, so that the 
nucleon kernel is different from that for the Roper and 
therefore orthogonality is not assured. This drawback, 
which accompanies the interaction's simplicity, is readily 
corrected now that we have expressions for the transition 
form factors. 

As mentioned above, orthogonality means that 
Fiif{Q^ = 0) = for both the charged and neu- 
tral resonances. (The analogue of this condition has 
been used in studies of meson radial excitations, both 
with momentum- i ndep endent (92l . [93| and momentum- 
dependent kernels j94i [95|.) In RefTjlsj. lacking expres- 
sions for the transition form factors, the location of the 
zero in the Roper's Faddeev amplitude was fixed follow- 
ing inspection of its position in meson Bethe-Salpeter 
amplitudes. This led to the choice M^djr = 1.0 ± 0.2. 

Herein, wc first consider Fiji+^p{Q'^ ~ 0). Employ- 
ing Eq. dnU, the analogues of Eqs. ([£2]), (fUTSl) . 
and using Eqs. (jCSp . one finds that -Fifl+_).p(Q^ = 0) 
receives just one contribution; viz., that of Diagram 1 
where the photon strikes a dressed-quark in association 
with a scalar diquark (all others are zero at — 0). 
Orthogonality of the proton and chargcd-Roper is then 
assured if 



-!- = O.TTM^ 



(D3) 



a value just 3% smaller than the lower bound esti- 
mated in Ref. [l^ so that the mass estimate therein 
(1.82 ± 0.07 GeV) was reasonable. In fact, with Eq. ((D3)) 
one obtains the Roper mass in Table |Ij3, which is in even 
better agreement with EBAC's result for the dressed- 
quark core; viz., 1.76 ± 0.1 GeV, Eq. ((T]). 

This procedure does not fix the value of sr. For guid- 
ance in this respect we turn again to studies of meson 
excitations. At zero relative momentum in a radial- 
excitation's Bethe-Salpeter amplitude, the magnitude of 
the dominant Dirac stucture's leading Chebyshev mo- 
ment is approximately one-half of that for the ground- 
state in, Si • We therefore choose 



SR = -isAT = -0.44, 



(D4) 



as listed in Table |T)3. The sign here matches that pro- 
duced by the Roper's Faddeev equation but the magni- 
tude is five-times larger: the Faddeev equation for the 
Roper produces a state that is 99% axial-vector diquark. 

Now, given the canonical normalisation condition, 
FiR+iQ'^ = 0) = 1, and Eqs. (|B22|) . there is only one 
entry left to be fixed in the Roper's Faddeev amplitude. 
That is set by the condition Fiflo^„(Q2 — Q) = 0, whose 
only nonzero entries are Diagram 1 quark plus axial- 
vector diquark contributions. We thus arrive at the Fad- 
deev amplitude entries for the Roper in Table |l)3. 
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Appendix E: Euclidean Conventions 



with £ = + AP, 



In our Euclidean formulation: 



4 



1=1 



(El) 



{7m' 7^^} = 2 (5^;. ; 7^ = 7^ ; cr^^ ^ -[7^, 7^] ; (E2) 

tr [757M7>'7p7a] = -4 e^iypo- , £1234 = 1 ■ (E3) 
A positive energy spinor satisfies 

w(P, s) (i7 • P + A/) = = (^7 • F + M) u{P, s) , (E4) 
where s = ±i is the spin label. The spinor is normalised: 

u{P, s) u{P, s) = 2M , (E5) 
and may be expressed explicitly: 



i{P, s) = VM - i£ I a-P 

M-iS' 



(E6) 



X4 











, X- = 


(?) 



(E7) 



For the free-particle spinor, u{P^ s) — u{P, 5)^74. 

The spinor can be used to construct a positive energy 
projection operator: 

^+(^) ^= 9Xf E ^) ^) = ^ ^-'^ -P + M). 



s=± 



(E8) 

A charge-conjugated Bethe-Salpeter amplitude is ob- 
tained via 



r(fc;P) =C^r(-A:;P)'^C, 



(E9) 



where "T" denotes a transposing of all matrix indices and 
C = 7274 is the charge conjugation matrix, = —C. 
We note that 
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